The structure of a concentrated solution of MgCl2 in methanol has been studied by X-ray diffraction. The parameters for the ion-solvent interactions are in good agreement with those found in aqueous solutions. Both for Mg2+ and Cl_ the solvate shells are composed of 6 methanol molecules. An average octahedral arrangement of OH groups in the solvate shells of magnesium is probable. Octahedral symmetrical positions for CH3 groups proved to be unlikely.
Introduction
Many X-ray studies on the structure of aqueous solutions have been performed with the aim to describe the ion-water, water-water and ion-ion interactions, but the method was very seldom ap plied for salts in organic solvents. Methanol may be a subject of special interest, because firstly it is a typical liquid with strongly H-bonded structure, and secondly each molecule contains also a significant hydrophobic part. Only two relevant X-ray works on the structure of methanolic solutions can be found in the literature: a more recent study of iron (III) chloride [1] and another one of mercury (II) chlo ride [2] as a part of a more extended examination of complex formaton with Hg2+.
The structure of aqueous solutions of MgCl2 was studied by X-ray diffraction [3] , and also by X-ray diffraction combined with computer simulation (molecular dynamics) method [4] , In the latter work, beyond the description of the average structure by two consecutive hydration shells around the cations and one around the anions, a detailed analysis of the symmetry properties of the first ionic hydration shells and the many-particle distribution of the neighbouring water molecules were presented. The average orientation of the hydrate molecules was also studied by molecular dynamics [5] . The same average structure in the two cationic hydration shells was found in a Mg(N03)2 aqueous solution [6] , As concerns the Cl~ ion, it is one of the ions most frequently studied in aqueous solutions, and a * Reprint requests to Dr. T. Radnai, H-1525 Budapest, P.O. Box 17. Hungary. very similar structural picture of its hydration shell was found in various solutions [7, 8, 9 ].
An X-ray diffraction study of a highly concen trated MgCl2 solution (1.44 molar) in methanol is reported here. MgCl2 was chosen because the ionsolvent interactions were already exhaustively stud ied in its aqueous solutions, and the salt is highly soluble both in water and methanol without having a significant tendency to form ion-pairs. The aim of the work was to determine the structure of the solvation shells both for the Mg2+ and the Cl~ ions and to decide whether differences can be observed between the solvation and hydration structures.
Both pure water and methanol have strongly H-bonded structures, but with significant differ ences due to the number of sites offered by a molecule for H-bridges (4 in water, 3 in methanol). For decreasing eventual disturbing effects in the evaluation of the solvation, arising from the rest solvent, a high concentration was chosen where the original structure of methanol can be assumed as damaged (the so called "chains" disrupted with a high probability).
Experimental and Data Treatment
The solution was prepared from methanol of high purity and anhydrous MgCl2 salt. The water content of the solution was less than 1%. The stoichiometric ratio MgCl2: CH3OH was 1: 18.7. The density of the solution was 0.8412 gem-3 at room temperature.
The X-ray diffraction experiment was performed using transmission geometry and Mo K^ radiation with a flat monochromator in the primary beam.
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The measurement technique as well as the details of the data elaboration were described elsewhere [10] . The plane-parallel windows of the specimen holder had been prepared from 75 nm thick mylar foils at a distance of 1.2 mm. The data registration extended over a range 0 .1^ k ^1 5 A"1 with a scattering variable k = ( 4 n//.) sin <9, where X = 0.711 A is the wavelength of the incident radiation and 2 5 the scattering angle. Two parallel measurements were performed. In the first one the measured intensities were collected in equidistant steps with an incre ment Ak = 0.05 A-1 and 4 • 105 counts at each point. Afterwards it was repeated with Ak = 0.1 A "1 and 2 ■ 105 counts. The reproducibility was excellent ex cept the highest scattering angles. Therefore, the data above k = 13 A-1 were not used for the struc tural interpretation, although all measured points were used in the elaboration of the data.
The measured intensities were corrected for background, polarization, absorption and Compton scattering. The Compton intensities needed for the corrections were calculated with analytical formulas [11] , The experimental structure function, shown in where I(k) is the corrected coherent intensity of the scattered beam in absolute units, and f^ik) and .va are the scattering amplitude and mole fraction, respectively, for a type a particle. The scattering amplitudes were computed in an analytical form, the parameters of which were taken from [12] for Mg2+ and CF. Due to the small sensitivity of X-rays for the H atoms, the methanol molecule was as sumed as consisting of two scattering centers, name ly OH and CH3, denoted in this paper by O and Me, respectively, for brevity. The parameters for the corresponding scattering amplitudes were taken from [13] .
The experimental pair-correlation function, shown in Fig. 2 , was computed from Hexp(k) by Fourier transformation according to (2) where r is the interatomic distance, kmjn and kmax are the lower and upper limits of the experimental data, q0 is the bulk number density of the stoichio metric units, and j 0 is the zeroth order spherical Bessel function. After repeated Fourier transforma tions when the nonphysical peaks present in the Gexp(>") at small r values were removed, the struc ture function was corrected for residual systematic errors. In this process the peak due to the intra molecular M e-O distance, centered at about 1.45 A, was also removed.
Determination of the Structural Parameters and Results
A pronounced and well resolved peak is present in the experimental pair correlation function at about 2.1 A (Fig. 2) . Since its position is in agree ment with the magnesium-oxygen first neighbour distances found in aqueous solutions [3, 4] , it is to be assign to the M g -0 interactions. For the quantitative evaluation of these interactions, a leastsquares fit procedure was applied with the analyt ical formula for the corresponding theoretical cor relation function (see Eq. (17) of [14] ): where /'Mg-o, ^Mg-o and "Mg-o are the mean dis tance, its root mean square deviation (rmsd) and the coordination number, respectively, and cMg-o is the average weight for the M g -0 contribution to the structure function. The F-dependent weights, and their averages are defined by
and are given in Fig. 3 , and Table 1 , respectively, for the most important a, ß pairs. Replacing the CMg-o(k) function by its average CMg-o in order to avoid the deconvolution process invoked by the Fourier-transformation is satisfying due to the slight A-dependence of the given weight. The resulting parameters are: rMg-o = 2.068 A, /M g_o = 0.124Ä and ttMg-o = 5.95. The contribution of the M g -0 interaction to the structure function was computed by
A "distinct" structure function could then be de rived as
Both k hug-oik) and kH A (k) are shown in Figure 4 . The high frequency ripples observed in k H A(k) at F > 8 A _I are without reliable structural informa tion, the derivation of the above three parameters from the correlation function has to be regarded as relevant. Moreover, the given F-range is enough extended for the structural interpretation. The short-range structural order does not extend beyond 5 A, as it can be seen from the Gexp (r) function. The highest peak is at about 3.2 A, which corresponds to the first neighbour chloride-oxygen Table 1 . Average weights for the main contributions to the structure function (in percentages). interaction found in aqueous solutions. The remain ing peaks are composite ones, their assignment is not obvious. It is striking that the predominant peak usually detected at about 2.7-2.85 A in water and aqueous solutions as well as in methanol, due to the H-bonded oxygen-oxygen distances, is absent here. The slight left-wing broadening of the main peak can be attributed to some minor contribution from 0 -0 interactions, but Mg-Me interactions can also fall into this region.
For a more complete description of the structure two least-squares fit procedures were applied, re ferred to as LSFl and LSF2, respectively. In both procedures theoretical structure functions with ad justable parameters were computed according to the formulas H th (k) = Hd(k) + Hc(k),
where et, ß refers to scattering centers of different chemical types, i is the sequence number of interac tions of a, ß type involved in the procedure, and j m is the mth order spherical Bessel function. The subscripts d and c stand for the "discrete" and the "continuum" parts usually applied in the X-ray structural analysis of liquids. The adjustable param eters were the r% ßi distances, their l^ßi rmsd-s, the n2ßi coordination numbers for the Hd(k) function, and R^ß and L*ß for defining the boundary of the uniform distribution of a, ß type distances and its rmsd, respectively, for the Hc(k) function. The minimum condition for the least-squares fits was fixed as u = z [k //exp (k) -k H th (F)]2 = minimum. (7) k In LSFl no starting geometrical picture was as sumed for the structure. An examination of the weights of the contributions to the structure func tion shows that the ion-ion type interactions are negligible compared with the other ones. Their ignoration is also supported by the known slight tendency of MgCl2 to form ion-pairs in solutions. Thus, in LSFl, one contribution for each type was involved both in Hd(k) and Hc(k), i.e. /= 1, with the exclusion of the ion-ion types. As a consequence of the not prefixed geometry, the nrLß coordination numbers were free parameters.
The resulting kH lh(k) and Gth(r) functions are shown in Figs. 1 and 2 , respectively. The structural parameters are given in Table 2 .
A possible model interpretation of the results from the LSFl procedure seems to be plausible because: i) each Mg2+ ion is surrounded by 6 methanol molecules turning with their oxygens to wards to the cation, ii) a relatively rigid octahedral structural unit for the cationic solvate shell is supported by the sixfold coordination, the small rmsd values and the number of the closest M e -0 between the neighbouring methanol molecules (1.1), iii) each C\~ ion is also solvated by 6 methanol molecules as to be seen from the C l -0 and CI -Me parameters, iv) the chemical type of the CI -O interactions (via the hydrogens of the OH groups) as well as the larger distances and rmsd values make the regular octahedral geometry for the anionic solvate shells less probable. For the sake of an additional reliability check of the M g-O interaction, the LSF1 procedure was repeated for the distinct kH j(k ) function, with the omission of the M g-O contribution to k H th{k). The same quality of fit was reached without signif icant changes in the structural parameters. This indicates that the other contributions do not influ ence really the upper k range beyond k = 8 A-1.
In LSF2 an octahedral geometry was assumed for the solvate shells both of the cation and the anion. Accordingly, the O and Me centers should occupy the vertices of two octahedra around each ions. Therefore, new 0 -0 and M e-M e type interactions had to be introduced with distances calculated from the adjusted M g-O, Mg-Me, C l -0 and Cl-Me distances and from the supposed geometry. Since the corresponding coordination numbers were also fixed, only two new rmsd values were taken as free parameters. Moreover, due to the different sizes of the cationic and anionic solvate shells, two contri butions were included for the M e -0 interactions of closest contacts between the neighbouring solvate molecules instead of the one in LSF1, with 3 additional parameters. Further on. 4 new rmsd Table 3 . The same as in Table 2 , for the LSF2 procedure. Distances and coordination numbers derived from the independent parameters and the assumed geometry are given in parenthesis. The subscripts + and -refer to the solvation shells of the cation and anion, respectively. The resulting k H th(k) and Glh(r) functions are also shown in Fig. 1 and 2 , respectively. The struc tural parameters are given in Table 3 .
Discussion and Conclusions
In spite of the additional 9 independent parameters introduced in LSF2 compared with LSF1, the leastsquares sum is significantly higher (the usual Rfactor 0.29 instead of 0.14) and the agreement between the theoretical and experimental structure and correlation functions is considerably worse. These observations already indicate that the assumption of a prefixed octahedral symmetry is too rigorous.
The parameters describing the cation-solvent first neighbour interactions from the two LSF procedures are in fairly good agreement. The M g-O parameters are the same within the limit of standard errors as obtained from the direct evaluation of (7exp(F). The average sixfold coordination is confirmed. The 'Mg-o distance is somewhat less than usually found in aqueous solutions (2.07 A instead of 2.10-2.12 A), which is certainly of physical significance, taking into account that it could be determined rather exactly because of the high resolution of the first peak in Gexp(/-) and the self-consistency in the procedures applied. The distance shortening can be explained by the different electrostatic interactions between the Mg2+ and CH3OH molecules on one hand, and between the Mg2+ and H2O molecules, on the other hand, due to the difference in the dipol moments in magnitude and in position relating to the lone pairs. A deeper explanation can only be given by studying the orientation of the methanol molecules around the cations. An estimate for the average Mg-O-Mg angle can only be deduced from the /"M g-o and /"Mg-Me values, and assuming that the intramolecular O -Me distance is equal to 1.42 A, as obtained from a neutron diffraction study of liquid methanol [15] , which will result in about 104 degrees, somewhat lower than the tetrahedral angle.
The C l-0 distance, its rmsd as well as the sixfold coordination are in good agreement with the corre sponding parameters in aqueous chloride solutions, both for LSF1 and LSF2. As concerns the CI -Me interaction, there are some inconsistencies between the parameters obtained with the two LSF proce dures. The increased la-Me when going from LSF1 to LSF2 makes the octahedral symmetry assump tion for the Me groups less convincing. Further, both «Mg-Me and «ci-Me became greater than six when they were allowed to vary freely in LSF1. The excess can arise from outer molecules, for which it is sterically allowed to get in the neighbourhood of the molecules strongly bonded to the ions.
The parameters for the interactions between the scattering centers representing the solvent molecules exhibit much more uncertainties. There is an inter esting rough agreement between the «o-o = 4.4 from LSF1 and the fixed values of 4 from LSF2, as well as between the ro-o = 3.77 A and the average of the two O-O distance from LSF2, equal to 3.72 A. These facts, however, do not give further argument for the octahedral geometry. On the contrary, the distribution of the O -O distances from LSF1 characterized by /o-o cannot be sub stituted by the other two ones since the O -O distance with a value of 3.77 A obtained by the LSF1 procedure, having a rmsd of 0.24 cannot be really interpreted in terms of average of the ( 0 -0)+ and (0 -0 )_ distances of Table 3 . From the other side, the necessary introduction of two different 0 -0 contributions in LSF2 turned out to be strong ly artificial. This is demonstrated by the corre sponding overcompensations in G(r). A possible explanation is that some of the solvate molecules at the high concentration have to be shared between the cations and anions, leading to a significant distortion in the octahedra.
In the Me-Me interactions the discrepancy between the two LSF parameter sets becomes too deep for a reliable comparison. The M e-O interac T. Radnai et al. ■ X-Ray Diffraction of MgCl2 in Methanol tions are very poorly determined, as it can be seen from the high /Me-o value in Table 2 ; moreover, the LSF2 procedure let to an unreasonably small /(M e_o)+ value.
A further argument in favour of LSF1 results is arising from an internal consistency of the param eters, very rarely found in the literature. Namely, the boundaries of the uniform distribution of dis tances are not penetrating into the corresponding discrete regions with the only exception of the very uncertain Me-O contribution.
A methodical remark should be made here. The M g-O contribution which has a relatively small CMg-o(^) weight is the most precisely determined one in this study. On the contrary, the M e -0 con tribution with the highest overall weight in the system is the most uncertain one. This is due to the special "distance spectrum", i.e. the distribution of the distances in the G(r) function, and to the highly different physical nature of the interactions between the corresponding particles. This means that the weights of the contributions, connected with the stoichiometric composition and the scattering fac tors of the particles do not correlate strongly with the possibility of extracting of structural informa tion, and deviations in a wide range can occur.
From the above arguments, the following conclu sions can be drawn: (i) both the cation and the anion have a solvation shell composed of six meth anol molecules in average, (ii) the structural param eters describing the ion-methanol interactions and ion-water interactions are similar for the MgCl2 solutions, (iii) since a much better fit with higher internal consistency could have been reached with out preliminary assumption for geometry than with a maximum constraint, the symmetries within the solvate shells have to be strongly broken, and (iv) the success of the LSF1 procedure compared with the failure of the LSF2 with the heavy constraints in the symmetry assumptions suggests qualitatively that the assumption for an average octahedral arrange ment is less probable for the anionic solvate shell than for the cationic one, and that the methyl groups have much less tendency to occupy sym metrical positions than the OH groups.
